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FOREWORD 
This report  slrmrnarizes the  work conducted by McDonnell Douglas Astronautics 
Company-East (MDAC-E) in S t .  Louis, Hisoouri f o r  the Structures  and Mechmics 
Division of the U S A  Johnson Space Center (NASA-JSC) under Contract NAS9-14012, 
"Data Correlation and Analysis of A r c  Tunnel and Wind Tunnel Test of S I  J o i n t s  
and Gaps, Phase 11." This f i n a l  repor t  cons is t s  of twc volumes: Volume I - 
Technical Report and Val- if - Data Base, Par t  1 and Par t  2. The period of pe r fo r -  
mance wm from 20 Hay 1974 thru 19 May 1975. 
M r .  Donald J. T i l l i a n  was the NASA Technical Monitor f o r  t h i s  study; Messrs. 
8. E. Christensen and H. W. Kipp were the IDAC Principal  Inves t iga tor  and Study 
Manager, respectively.  Signifies-t contr ibut ions t o  t h i s  study were made by 
A. E. Br~ms, E. B. knovac ,  L. H. Ebbesmeyer, E. A. Eiswirth and T. V. Parkinson. 
The cooperation of nlrremrrs NASA Personnel a t  Ames Research Center, Johnsoc. Space 
Center and Langley Research Center i n  providing experimental data,  supplemental 
calculat ions pad valuable counsel w a s  instrumental t o  the  successful  canpleciw- 
af t h i s  study. We a re  appreciat ive of the ccoperation from the following f o r  
supp lyhg  t e s t  data;  t. D. Scot t  and L. P. Hurtay of JSC, W. K. Lockman and 
F. J. Centolanzi of Ares, I). A. Throdunorton anJ I. Weinstein of L a x ,  and 
G. W. Mausa and C. B. Blumer 3ockwell Internat ional .  
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1.0 INTRODUCTION AND SUMMARY 
The reusable  s u r f  ace i n s u l a t i o  > (RSI) t h e w a l  p r o t e c t i o n  sys  tern ( P S I  f o r  
Space S h u t t l e  requ i res  gaps a t  RSI j o i n t s  t o  accomdate  s t r u c t u r a l  d e f l e c t i o n  r e s u l t -  
i n g  from loads and thermal expansion. In  add i t ion ,  al-lmaiice must be made f o r  
manufacturing and assembly to lerances .  Gap v i d t h s  under cur ren t  considerat ion w i l l  
nominally be 0.254 cm (0.10"). 
The success fu l  app l ica t ion  of RSI m a t e r i a l  f o r  S h u t t l e  thermal p ro tec t ion  is 
sigt ~ f i c a n t l y  a f f e c t e d  by en t ry  hea t ing  wi th in  the RSI gaprr. Gap width, depth, 
c rossec t ion  geometry, gap o r i e n t a t i o n ,  boundary l a y e r  s t a t e  and s u r f a c e  mismatch 
a r e  a l l  known t o  a f f e c t  convective hea t ing  wi th in  t h e  gap and h e a t  leakage t o  t h e  
protected subs t ruc tu re .  For ins tance,  p resen t  s tudy r e s u l t s  i n d i c a t e  a f l u s h  
t ransverse  b c t t  gap 0.254 cm wide wi th  an edge rad ius  of 0.152 cm, inc reases  TPS 
th ickness  req3irements by approximately I / ?  above t h e  th ickness  required f o r  a 
continuous l a y e r  of RSI. 
During 1572,  1973 and 1974, extensive  tests of var ious  gap conf igurat ions  were 
rm by SASA t o  provide a da ta  base  f o r  accura te  assessmezt of gap heat ing.  Data 
vere  taken i n  both  wind tunnels  and i n  a r c  tunnels.  The e a r l y  t e s t  d a t a  is contained 
i n  Reference 1. I n  t h e  present  s tudy,  a l a r g e  segment of the  a v a i l a b l e  d a t a  was 
anaiyzed and c o r r e i a t e d  t o  ob ta in  methods f o r  p r e d i c t i n g  hea t ing  i n  the  RSI gaps on 
S h u t t l e .  The following major t a s k s  were performed during the  study: 
o Assimilation of gap hea t ing  da ta  from NASA f a c i l i t i e s  
o Analysis of the  da ta  t o  determine hea t ing  r a t e s  and s e n s i t i v i t i e s  
o Cor re la t ion  of the  ass imi la ted  da ta  and t h e  development of a gap hea t ing  
procedure which was app l ied  t c  a cur ren t  S h u t t l e  base l ine  e n t r y  t r a j e c t o r y .  
This volume of the  f i n a l  r e p o r t  conta ins  t h e  gap hea t ing  da ta  which were 
assimilate 1 dur ing t h e  current  study. The da ta  sources  and test condi t ions  a r e  
summarized i n  Figure 1.0-1. 
The da ta  contained ~n subsequent s e c t i o n s  includes  a desc r ip t ion  o f  each t e s t  
f a c i l i t y ,  run schedule and t e s t  co . ld i t ions ,  model d e s c r i p t i v e  information,  and hea t  
f l u x  data.  
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G A P  H E A T I N G  DATA S O U R C E S  
DATA DESCRIPTION 
TURBULENT B.L.; 153 RUNS; TH IN  SKIN 
TURBULENT B.L.; 10 RUNS; TH IN  SKIN 
MODEL; FILLED, IN -L INE  AND STAGGERE 
TURBULENT B.L.; 22 RUNS; TH IN  SKIN 
TEMPERATURE STRUCTURE F!OML; IN -L INE  AND STAGGERED 
MCOOA'NELL I30UGLAS ASTRONAUr#CS COMPANY - EAST 
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2 .!I NASA/L~RC, CFHT TESTS (EXPANDED LISTING) 
An HCp t i le  array use t es ted  i n  Langley's Continuous Flow Elppersoaic TUMCL 
(CFIIT) a t  a freestream Mach number of 10.3 and a freestream un i t  Reynolds number 
6 
of 3.28 x 10 /meter. The purpose of the  test program was t o  study the  heating on 
the face of a t i l e  submerged i n  a th ick  turbulent  boundary layer  a8 a function of 
gap width, t i l e  mismatch and flow or ien ta t ion .  These t e s t a  were performed on the  
s ide  wall of the tunnel (Figure 2.0-1) which hae a boundary layer  thickness of 5.08 
t o  10.16 centimeterra. The t i l e  array was rotated through 245' t o  s t u d j  the flow 
or ien ta t ion  e f f e c t  on gap heating. Figure 2 .O-2 is  a : zw of the CF'ET. Beating 
preasurements were made by in se r t i ng  the  panel i n t o  the  t e a t  pos i t ion  and record- 
ing thermocouple responses. 
A MDC engineer supervised the  t e s t s  on site a t  LaRC. Mr. D. A. Throckmorton 
w a s  the NASA engineer responsible f o r  conducting the tests. Mr. D. A. Throckmortoc 
and h i s  s t a f f  vere  very cooperative which is very euch appreciated. Test 
descr ipt ion and graphical presentation of the t e s t  data  as prepared by LaRC is 
contained in Referznce 2.  
. R S I - T P S  W I N D  TUNNEL C - O N F I G U R A T I O N  ( C F H T  A T  L a R C )  
RSI TEST PANEL 
ROTATIONAL PLATE -3 
o ADJUSTABLE GAP 
o SHIMS FOR STUDYING MISMATCH 
o 0 TO 2 90O OR1 EMTATION 
Figure 2 .O-1 
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C O N T I  N U O U S  FLOIN H Y P E R S O N I  C TUNNEL ( C F H T )  
N A S A - L a R C  
(MACH 101 
FLOW IS FROM LEFT TO RIGHT 
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TEST CONDITIONS AND VARIPSLES MATRIX 
Tests were conducted i n  the tunnel wal l  boundary layer  of t he  Langley 
Cciltinuous Flaw Hypersonic Tunnel with freestream flow conditions of Ha& nunher, 
6 ?: x2 .- 10.3, and unit Reynolds number, RN = 3.28 x 10 /meter. A t  these conditions,  
:.he t i ~ n n e l  wal l  houndary layer  is fully turbulent  with a displacement thickness,  
6 * ,  of approximately 12.06 centimeters. Varied test parameters were: t i l e  
ozien ta t  ion (s taggeredlin-line) , gap width, flow angular i ty ,  and t i l e  miswitch. 
An ou t l i ne  of the f u l l  test matrix is presented below: 
A complete Run Scheuule is presented as  Figure 2.0-3 
GAP 
WIDTH (cm) 
0.127 
0.229 
0.45; 
0.711 
i 
TILE ARRAY 
OklENTATION 
Staggered 
In-line 
Staggered 
In-line 
Staggered 
In-line 
Staggered 
In-lA 
TILE 
MISMATCH (cm) 
0,  +.254 
0 ,  +.254 
0 ,  -.I68 
0, -.I68 
0,  +.?54 
0,  +.254 
0, +.254 
0,  +.254 
FLOW 
ANGULARITY (degs. ) 
0, 7.5, 15, 30, 45 
0, 7.5, 15, 30 
0, 7.5, 15, 30, 45 
0, 7.5, 15, 30 
0, 7.5, 15, 30, 45 
0,  7.5, 15, X 
0,  7.5, 15, 30, 45 
0,  7.5, 15, ?O 
b 
RSI GAP HEATING ANALYSIS - II REPORT MDC €1241 JSC 09651 
VOLUME l l  
CFHT TEST 92 RUN SCHEDULE 
- 1 
TILE I 
'ALPHA I T-C 
. (EG) I LOCATION REMARKS 
--. 
1 / 0.127' 0 Staggered 0 TOP No Data! ! 
2 0 i 
-7: 5 
1 1 -30 
I -45 Top 
I -7.5 Bottom 
- 15 
! i 1 i -30 i 16 I Staggered 4 Bottom I 
11 In-Line \ 0 
t T t I -75 t 
In-Line 1 -15 Forward 
Staggered ' 0 fop 
-7.5 : 
-15 1 
- 30 I ? 
-45 Top 
19 . -7.5 Bottom 
2b , - 15 1 21 7 -30 t i 1 22 Staggered -45 Bottom 
1 23, Io-Li  ne 0 Forward 
-7.5 I  
s5 , i 2 4 i  26 , I -30 ,I5 Forward t 
2 7 I 0 A f t  - 7 . 5  
1 - 15 
30 10.229, 0 In-Li  ne - 30 A f t  
1 3 1 1 0 . 4 5 7 '  0 
32 j , 
33 1 
35 
37 
4 1  
I 
46 ' 1 
4 7 , 0 . 5 7  3 i In-Llne -30 ; A f t  
FIGURE 
2 .O-4 
2.0-3 
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MCDONNELL DOUGLAS ASTffONAUtlCJ COMCANV RAOT 
RUN 
48 
FIGURE 2.0-3 I 
Y 
REMARKS i 
- i 
- 
GAP 1 MISMATCH 
(m) (Cm) 
-. -I- 
0.457 0.254 I 
. 
- 
49 , 
501 i 
5 1  1 
52 
54 
55 
56 
59 
60 
61 
62 
64 
T-1; 
LOCATION 
TOP 
1 
Staggered 
I n -L i  ne 
1 
In -L i  ne 
Staggered 
TILE 
65 
---. 
66 
67 
68 
69 
70 
71 
72 
73 
74 
7 5 
76 
7 7 
78 
79 
ORIENTATION 
Staggered 
DE6 ;LPHt 
0 
Top 
-15 
-30 
-4 5 
0 
-7.5 
-15 
-30 
-45 
0 
-7.5 
-15 
-30 
0 
-7.5 
- i5 
- 30 
0 
-7.5 
-15 
-3 
-45 
0 
-7.5 
J.457, 0.254 
T 
TOP 
Bottom 
1 
Bottom 
Forward 
i 
Forward 
A f t  
i 
A f t  
TOP 
TOP 
Bottom 
0.127' 
I 
j 
1 
I 
-15 
-3 
-45 
92 
93 
94 
Bottom 
Forward 
i 
Forward 
A f t  
I 
I 
Af t  
Forward 
Forward 
A f t  
i 
A f t  
Top 
0.254 
I 
I + 
0.254 
Staggered 
In -L i  ne 
I 
I n -L i  ne 
I n -L i  ne 
t 
In-L ine 
Staggered 
82 
-45 
0 
-7.5 
- 15 
-30 
0 
-7.5 
- 15 
- 30 
-15 
=% 
0 
-1.5 
- 15 
-33 
0 
-7.5 
83 
1 
1 
0.229 
0.127 
84 0.127 ' 0 
1 , 1 
0.254 Staggered 
i 
I 
i 
0 
85 
87 
se 
39 
I 
0.127 
90 
9 1 
0.229 0.254 
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FIGURE 290-3 (CONTINUED) 
ALPHA I T-C 
OR1 E t i l ~ i I O i u '  (KG): LOCATION REMARS 
- 
0 I Bottom 
96 ' -7.5 
9? 1 -15 9s -30 
99 
100 In-L i  ne 0 Forward 
10 1 -7.5 ! 
102 -15 
103 / -30 Forward i 
I 0 A f t  
In-Line - 30 
0 
-15 I 
1 -15 - 30 I 
115 Staggered -45 Bottom 
In-L i  ne Forward 
117 , 
118 t 
119 0.229' -0.168 
Staggered 
122 
-30 
-45 
125 
-7.5 
129 1 Staggered 4 Bottom I 130 In -L i  ne 0 Forward , 
1311 
132 I i - 15 
1331 I -3U Forward , 
134/ / 0 A f t  135 1 1 -7.5 
136i 1 1 1 T -15 
137 1 0.711 0 In-Line - 30 A f t  j 
1 
138.u.711, 0.254 + , Staggered 0 T?P , 1391 t I t -7.5 140j 3.7111 0.254 / Staggered -15 f TOP No Data! 
FIGURE 2.0-3 
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FIGURE 2.0-3 2.0-7 
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2.1 MODEL DSCRIPTION 
The t i le-array ;sodel u t i l l z e d  h these tests is i l l - a t r a t e d  schematically i n  
Figure 2.1- 1. The rmdel consis ted of a s ing l e  15.24 by 15.24 c a t h e t e r  t h i n  skin 
r i l e  s\li.rom&d by s i x  9CF tiles as shown. This array w a s  s e t  i n  an adapter 
( i igure  2.1-2) t o  -he f a c i l i t y  model in jec t ion  r chan i sm i n  order t o  provide test- 
ing f lush t o  the t-el s i d e  A photogra~h of the  nude1 i n s t a l l e d  on the in- 
ject ion mechansim is shown i n  Pjgure 2.1-3. Photographs of t he  m d e l  posit ioned 
flush with the titme1 s i d e  wal l ,  both in-line and s t a g g e r 4  o r i e ~ t a t i o n s ,  a r e  sham 
in Figures 2.1-4 and 2.1-5 respectively.  
The t i l e  array was constructed such tha t  gap width between tiles was va r i ao i r  
(0.127, 0.229, 0.457, 0.711 centimeter). Metal shims (Figure 2.1-2) were used t o  
a l ign  a l l  tiles f lush v i t h  t he  tunnel w a l l ,  a s  well as t o  provide mismatch of t h e  
instrumented th in  sk in  t i l e  r c l a t i v e  t o  the  surrounding tiles. For a l l  test runs,  
the gaps between the  adapter wal ls  and the RCF t f l e  s i de  walls were e l imi  ated by 
f i l l f ~ g  with a high temperature rubber sea lan t .  
The BCF t i l e s  were m d =  from HOD IIIA HCF mater ia l  bonded t o  0.127 centimeter 
thick s t a in l e s s  s t e e l  p l a t e s  with DC-3145 adhesive. A l l  ex te rna l  surfaces  of the 
t i l e s  were c o a t d  with the  M@-7 one s t e p  inorganic coating. 
The th in  skin t i l e  was fabr icated of s t a i n l e s s  s t e e l  with a uniform thickness 
of 0.0254 centimeter at, LaRC. The t i l e  was f .  --~umeiited v i t h  81, 30-grige ch rme l -  
alumel thermocouples nominally located a s  indtcated i n  Figure 2.1-6 Orientation 
of the i n s t ~ u m e n k d  ?ort ion of t he  t h in  skin t l l e  r e l a t i v e  t o  the surroundi.lg HCF 
t i l e s  is i l l u s t r a t e d  i n  Figure 2.1-7 The e n t i r e  t i l e  array cguld be rotated a 
f u l l  300° t o  allow measurement of the heat t r ans fe r  t o  a l l  t i l e  rrfaces fo r  t he  
f u l l  range of possiblz flow angular i t i es .  
@ RSI GAP HEATING ANALYSIS - II REPORT MDC El248 
JSC 09651 
Cal ib ra t ion  Data - LaRC performed c a l i b r a t i o n  runs t o  measure heat  tra?s- 
f e r  da ta  on a  model mounted on t h e  tunnel  s idewal l .  The h e a t  t r a n s f z r  was oreasured 
m. a smooth f l a t  p l a t e  under the same nominal flow condi t ions  a s  t h e  t i l e  a r ray .  A 
photograph of t h e  f l a t  p l a t e  model i a  shown on Figure 2.1 -8. Figure 2.1 -9 is the  
measured heat  t r a n s f e r  d i s t r i b u t i o n  i n  t h e  v e r t i c a l  d i r e c t i o n  on t h e  f l a t  p l a t e  
mounted i n  t h e  tunne l  s idewal l .  i h e  d i s t r i b u t i o n  shown i s  based upon t h r e e  d a t a  
6 
runs a t  &, = 10.33 and Re,/m = 3.28 x 10 . A s i g n i f i c a n t  v a r i a t i o n  i n  t h e  hea t ing  
- .  
across  t h e  f l a c  p l a t e  is  observed. This tunnel  c h a r a c t e r i s t i c  has been a t t r i b u t e d  
t o  t h e  square nozzle  and t e s t  s e c t i o n  which r e s u l t s  i n  a  s l i g h t  flow convergence 
toward t h e  c e n t e r  of t h e  tunnel  s idewal l .  Data taken on a corrugated ?anel on t h e  
tunnel  s idewal l  exh ib i t ed  a  s i m i l ~ ;  spanvise hea t ing  gradient  t o  t h a t  observed on 
t h e  f l a t  p l a t e .  Normalizing the  corrugated panel heat  t r a n s f e r  c o e f f i c i e n t s  by t h e  
f l a t  p l a t e  c o e f f i c i e n t s  r e s u l t e d  ic success fu l  co l l aps ing  of the d a t a  i n  t h e  span- 
wise d i r e c t i o n .  Because of previous experience i n  c o r r e l a t i n g  t h e  corrugated panel  
data, the  gap hea t ing  da ta ,  taken a t  t h e  same t e s t  condi t ion,  w a s  normalized by t h e  
measured f l a t  p l z t e  heat  t r a n s f e r  c o e f f i c i e n t s .  Measured hea t ing  i n  t h e  streamwise 
d i r e c t i o n  showed a s l i g h t  decsease wi th  d i s t a n c e  a s  would be expected f o r  a t h i c k  
turbulent  boundary l ayer .  
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